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Abstract
Earlier studies of the influence of Dark Matter keV sterile neutrinos on neutrino-
less double beta decay concluded that there is no significant modification of the
decay rate. These studies have focused only on a mass of the keV sterile neutrino
above 2 and 4 keV, respectively, as motivated by certain production mechanisms.
On the other hand, alternative production mechanisms have been proposed, which
relax the lower limit for the mass, and new experimental data are available, too.
For this reason, an updated study is timely and worthwhile. We focus on the most
recent data, i.e., the newest Chandra and XMM-Newton observational bounds on
the X-ray line originating from radiative keV sterile neutrino decay, as well as the
new measurement of the previously unknown leptonic mixing angle θ13. While the
previous works might have been a little short-sighted, the new observational bounds
do indeed render any influences of keV sterile neutrinos on neutrino-less double beta
decay small. This conclusion even holds in case not all the Dark Matter is made up
of keV sterile neutrinos.
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1 Introduction
Sterile neutrinos with relatively small masses have been studied intensely within the recent
years, due to both their phenomenological richness and due to experimental hints which
could point towards their existence [1]. One particularly interesting aspect of sterile
neutrinos if they have a mass of a few keV is that they could potentially be the Dark
Matter (DM) [2], which makes up about 80% of the matter content of the Universe [3–5].
A minimal framework for such neutrinos has been proposed in the form of the neutrino
minimal standard model (νMSM) [6], which is used to simultaneously accommodate for
a variety of phenomena, such as neutrino oscillations, DM, or the baryon asymmetry
of the Universe [7, 8]. An important point is that keV neutrinos in such a framework
typically have a warm spectrum, i.e., they are neither highly relativistic (hot) DM, which
would lead to problems with cosmological structure formation [9, 10], nor are they non-
relativistic (cold) DM. Extensive studies on neutrinos with masses of a few keV in the
context of structure formation are present in the literature [11–17]. In addition, surveys
such as ALFALFA [18] seem to point towards a DM mass of a few keV.
From the particle physics side, keV neutrinos are consistent with many frameworks,
from variants of the scotogenic model [19–21] to Left-Right symmetry [22, 23]. A rising
field of research is the construction of mechanisms that can motivate the existence of the
keV mass scale, see e.g. Refs. [24–40], or Ref. [41] for a recent review. Ideally, these models
should give predictions in combination with one of the known production mechanisms:
while non-resonant production (Dodelson-Widrow (DW) mechanism [2]) is excluded for
the case of zero lepton asymmetry [13, 42–44], a large enough primordial asymmetry can
lead to resonant non-thermal contributions (Shi-Fuller (SF) mechanism [45]), consistent
with all bounds [46,47]. Further possibilities are the production via scalar decays [48] or
the dilution of a thermal overproduction by entropy-producing decays of particles [49].
These mechanisms have been applied, e.g., in Refs. [22,23,50–59].
In particle physics, one of the most interesting questions is about the nature of neu-
trinos: are they Dirac or Majorana fermions? This question can, realistically, only be
answered by neutrino-less double beta decay (0νββ), a process where a nucleus decays to
another one via the emission of only two electrons, (A,Z) → (A,Z + 2) + e− + e−, as
recently reviewed in several references [60–62]. An observation of 0νββ would unambigu-
ously prove that lepton number is violated [63, 64], in contrast to the diagram-level pre-
diction of the Standard Model. However, if this is the case, we still need more new physics
besides 0νββ in order to generate a phenomenologically acceptable neutrino mass [65].
This observation opens up the possibility to investigate 0νββ in connection to neutrino
mass models. Since many models for neutrino masses involve also sterile neutrinos, it is
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worthwhile to investigate 0νββ in this respect. Up to now, most investigations studied
the contributions of very light (∼ eV) [27,66–70] or relatively heavy ( 100 MeV) [71–73]
sterile neutrinos.
The influence of keV sterile neutrinos on the effective mass in 0νββ has also been
discussed a few years ago in Ref. [74], see also Refs. [75, 76]. It was concluded that
the restricted mass range, 2 keV . M . 5 keV, in combination with the hard X-ray
bound [77–81] and the Ly-α bound [13], renders the new contribution invisibly small.
However, the caveat in that argument is two-fold. First, the lower bound from Ly-α
is altered [82] if an alternative production mechanism is considered [22, 23, 55]. Second,
in 2012 we have measured the previously unknown mixing angle θ13 to be relatively
large [83–86]: this, in turn, increases the variability of the effective mass [87]. Based
on Ref. [74], the statement of a negligible influence of the keV sterile neutrino on 0νββ
was repeated in Refs. [88–92]. In particular, the authors of Ref. [92] have applied an
oversimplification by neglecting the CP-phase of the keV-neutrino contribution, which is
however necessary to quantify its influence.
We will in the following explicitly calculate the influence of a keV sterile neutrino
on 0νββ for comparatively light sterile neutrino masses. We thereby illustrate how our
improved knowledge on the parameters involved has changed the picture within the last
two years. Indeed, the arguments given in Refs. [74, 92] disregarded exactly the part
of the parameter space where a non-negligible influence of a DM keV sterile neutrino
might have been present. However, in particular the X-ray bound – which has been
considerably improved recently – destroys this possibly big influence. Thus, due to the
new experimental results the conclusion of Refs. [74, 92] remains correct after all, even if
the low mass range below 2 keV had been disregarded.
Before starting our investigation, we want to point out that in the low mass range,
below roughly 3 keV, there is another strong bound on the active-sterile mixing angle
arising from the requirement that the sterile neutrinos produced by the DW-mechanism
do not overclose the Universe. If taken at face value, this bound is even stronger than
the X-ray bound [7, 8]. However, the production of keV sterile neutrino DM is a very
model-dependent point, and in general the early Universe is not perfectly understood.
Even though the DW-production by the thermal plasma due to small admixtures to
active neutrinos seems unavoidable, there are various mechanisms such as dilution by
late entropy production, which could potentially wash out a DW-overproduction. The
X-ray bound, on the other hand, is a very model-independent bound as long as active-
sterile mixing is present at all in a certain setting. There might be further constraints
from the mechanism generating the light neutrino mass: while, e.g., in a type I seesaw
setting [93–97] the active-sterile mixing is relatively tighly constrained [92], already a
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type II [98, 99] contribution would considerably change the situation (see, e.g., Ref. [33]
for an illustrative example).
The viewpoint we are adapting in this paper is a phenomenological one, so we do
not focus on one particular production mechanism and concentrate on the nearly model-
independent X-ray bounds. However, since the DW-production is rather generic, in our
figures we will mark also the regions obtained considering the DW bound at face value.
Moreover, we provide an extended discussion of the applicability of our study to clarify in
which situations our general conclusions hold and when additional more model-dependent
bounds might be stronger. This should help the reader to decide whether or not potentially
observable influences to 0νββ could appear in a concrete model.
The paper is organised as follows. In Sec. 2 we review the main expressions for the
effective mass and present a detailed discussion of the bounds of the active-sterile neutrino
mixing angle currently available. In Sec. 3 we discuss the possible influence of really light
keV sterile neutrinos on the effective mass. We compare the situation before 2011 with the
current one after the new Chandra and XMM-Newton observational results. A discussion
of the applicability of our study and some related subtleties is given in Sec. 4, before we
summarize our results in Sec. 5.
2 The effective mass
The standard expression for the effective mass in neutrino-less double beta decay is given
by (see, e.g., Refs. [60,61,87,100])
|m(3)ee | = |m1c212c213 +m2s212c213e2iα +m3s213e2iβ|, (1)
where sij ≡ sin θij and cij ≡ cos θij are functions of the mixing angles θij, and where α and
β are the Majorana phases. The superscript “(3)” refers to the fact that three generations
of active neutrinos are contributing. If we now have one keV sterile neutrino in addition,
where any other sterile neutrinos have masses much larger than the nuclear momentum
transfer |~q| = O(100 MeV), the keV neutrino contribution will modify the above effective
mass to [27,67–70,101]
|m(4)ee | ' |m(3)ee +Mθ2e2iγ|, (2)
where M and θ are the mass and the active-sterile mixing angle of the keV neutrino.
We have left it unspecified to which generation the keV neutrino belongs. The phase
called γ is actually a linear function of the fundamental Majorana phases in the full 6× 6
neutrino mass matrix. Note that the authors of Ref. [92] have neglected the CP phase
of the new keV sterile neutrino contribution, but this is however needed to fully quantify
3
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Figure 1: Current and former X-ray bounds on the active-sterile mixing as functions
of the keV sterile neutrino mass M , as well as the new bounds and suggested fits. Note
that, within the fit formulas depicted in the lower two panels, M is always taken to be
measured in keV, but the unit is not shown for simplicity.
the influence on the effective mass.
In the following, we will analyse Eq. (2) for the two cases of normal (NO: m1 =
m < m2 =
√
m2 + ∆m2 < m3 =
√
m2 + ∆m2A) and inverted (IO: m3 = m < m1 =√
m2 + ∆m2A < m2 =
√
m2 + ∆m2 + ∆m2A) mass ordering of the light neutrinos, where
m is the smallest neutrino mass and ∆m2 ≡ ∆m221 (∆m2A ≡ |∆m231|) denotes the solar
(atmospheric) mass square difference.
The important point to take into account is that the active-sterile mixing angle θ2 is
strongly bounded by the non-observation of a monoenergetic astrophysical X-ray photon
line stemming from the decay N → νγ, where N is the keV neutrino and ν is some
light active neutrino. This bound cannot be avoided as long as active-sterile mixing
is present (one could switch it off by artificially stabilizing the keV neutrino [28], but
at the moment there is no convincing model known which predicts such a stabilization
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while at the same time giving a mechanism to generate the keV scale).1 The explicit
observational bound, as valid before 2011, was summarized by Canetti, Drewes, Frossard,
and Shaposhnikov (CDFS) in Refs. [7, 8] . This bound is based on the observations
reported in Refs. [77–80,102–109].
However, our information on the mixing angle has changed considerably within the
recent years. We have depicted the evolution using several example bounds in Fig. 1. In
the upper left panel, the “old” observational bounds are depicted by the CDFS bound
(green) and the XMM-Newton observations [103] of the Large Magellanic Cloud (LMC;
purple), which goes down to slightly lower masses than CDFS.2 In 2011, there had been
new bounds by the results from the Chandra satellite [110], both for Nearby Sources
(gray) and for the Andromeda galaxy (red). In addition, in 2012 this was extended by
the bounds obtained by XMM-Newton from the observation of Willman I [111] (orange).
Note that all the bounds shown in Fig. 1 are at 99% C.L. In particular, the bounds from
Chandra satellite [110], both for Nearby Sources and Andromeda, have been rescaled
from 95% to 99% and the bounds from XMM-Newton (LMC) [103] and CDFS [7,8] have
been rescaled from 3σ to 99%. In addition, we have rescaled the CDFS bounds to be
consistent with the estimated DM mass used by the other bounds, in particular the one
by Chandra [110]. Thus, the CDFS bounds reported in our figure are a factor two stronger
than the one of Refs. [7, 8].3
However, we have not yet discussed how to combine these bounds. This is a subtle
question, since after all different satellites have made observations of different galaxies,
and when taking all observations at face value there could be unknown systematic errors
involved. In order to show how such considerations can modify the results, we have
decided to illustrate three different cases. This means we consider the limit as valid
before 2011, consisting of the CDFS and the LMC bounds, of which we always take the
strongest limit for a given mass. This limit is depicted as the red line in the upper right
panel of Fig. 1 and will later on be called “OLD” in the plots. We also use two different
1Note that stable keV neutrinos have been discussed in the context of the scotogenic model [19–21].
However, this framework did not yield a mechanism to suppress the sterile neutrino mass scale.
2Note that already in 2008, there has been a seemingly even stronger bound for very low masses
originating from the Suzaku observations of Ursa Minor [109]. For larger masses, this data is included in
the CDFS-fit [7, 8], but in particular for the small mass region the resulting bound seems to be stronger
than the LMC limit [103]. However, it is highly non-trivial to compare the different data sets, as discussed
in Sec. 3 of Ref. [109], and there could be different scientific opinions on which limits to take into account,
or not. We have, therefore, decided not to include the Suzaku bound in our OLD scenario, in order to
take on a conservative approach to the old limits. If the reader would like to recover the results including
the Suzaku-limit, the bound would be very close to our scenario “NEW restrictive” to be discussed in
the following, and its effect is therefore to some extent implicitly included in our plots.
3This bound had been artificially weakend by the same factor in Refs. [7, 8] to account for possible
uncertainties.
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Figure 2: The change of the standard effective neutrino mass |m(3)ee | in neutrino-less
double beta decay with the new data.
limits including the newer observations: the scenario “NEW conservative” adds only the
Chandra observations of the nearby sources, while “NEW restrictive” also contains the
Andromeda and Willman I observations. These two scenarios are depicted in the upper
right panel by the black dashed and dotted curves, respectively. We would like to stress
that we make no judgement on which of the observations mentioned should be included
into a more robust combined bound, or not. However, any possible choice is likely to
yield results in between our two “NEW” scenarios. In the lower two panels of Fig. 1, we
suggest linear fits in the log θ2-logM [keV] plane for our two scenarios.
An equally interesting development as for active-sterile mixing has taken place in the
leptonic mixing data. In particular, the discovery of the non-zero value of the previ-
ously unknown leptonic mixing angle θ13 by the Daya Bay [83], RENO [84], and Double
Chooz [85,86] experiments has improved our knowledge. New global fits on the neutrino
mixing data have recently appeared [112–114]. To give a flavour of the changes, we com-
pare a recent global fit [112] (free fluxes) on the new data with an older fit [115] (old
Gallium fluxes) that had been updated in 2011. The decisive mixing parameters and
their values (best-fit values and 3σ ranges) are:
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Parameters Old fit [115] New fit [112]
sin2 θ12 0.32 (0.27–0.37) 0.30 (0.27–0.34)
sin2 θ13 0.0095 (0.000–0.047) 0.023 (0.016–0.030)
∆m2 [10
−5eV2] 7.59 (6.90–8.20) 7.50 (7.00–8.09)
|∆m2A|NO [10−3eV2] 2.46 (2.09–2.83) 2.47 (2.27–2.69)
|∆m2A|IO [10−3eV2] 2.36 (1.99–2.73) 2.43 (2.24–2.65)
We will consider the old fit together with the X-ray limit before 2011, and the new fit
with the conservative and restrictive limits after the Chandra and XMM-Newton results.
The standard plot of the effective mass |m(3)ee |, cf. Eq. (1), is shown in Fig. 2, while in
the following sections we will present the influence of a keV-sterile neutrino contribution.
Note that in the 0νββ plots, certain regions in the parameter space are disfavoured. From
cosmology we obtain an upper limit on the sum Σ of light neutrino masses, which in our
setting (without sterile neutrinos at the eV scale) means that Σ = m1 + m2 + m3. We
take the upper limit Σ < 0.230 eV @95% C.L. from the Planck 2013 data in combination
with the WMAP polarization data, the data from the South Pole Telescope (SPT), the
Atacama Cosmology Telescope (ACT), and from BAO (baryon acoustic oscillation), see
Ref. [5]. This limit can be translated into an upper limit on the lightest neutrino mass
m, which is depicted in the plots. However, there could be unknown systematic errors
involved, which are actually known to be able to lead to wrong conclusions about the
absolute neutrino mass scale [116]. This is why we mark that region as “disfavoured”
rather than “excluded”.
Similarly, for limits coming from 0νββ-searches, there are always uncertainties from
unknown nuclear physics [60]. Thus we take the corresponding parameter region to be
“disfavoured” as well, and as example we take the most optimistic limit obtained on |mee|
from EXO-200 [117]. Both disfavoured regions are marked by the gray areas in Fig. 2,
Fig. 4, and Fig. 5.
3 Dependence for low masses
The lowest possible keV neutrino mass is M ' 0.4 keV [44]. It results from the Tremaine-
Gunn [118] bound, which originates from the fact that neutrinos are fermions. This
bound can be regarded as more or less model-independent lower limit.4 If stronger Ly-
α bounds are considered, the production mechanisms should be taken into account. For
example, if the keV sterile neutrinos [22,23,50,51] are produced by thermal overproduction
with subsequent dilution by entropy production [49], the bound is relatively weak, M &
4Note that a lower bound of M ' 1 keV was estimated in Ref. [46] based on similar assumptions.
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1.6 keV [22], since the production of additional entropy leads to an effective cooling of the
keV sterile neutrino component of the Universe [1]. One could also build up part of the
DM by resonant non-thermal production (Shi-Fuller mechanism [45]). This mechanism
also leads to a cooler DM-spectrum, and hence the Ly-α bound is rescaled to a value of
about 2 keV [47]. Note that the resonant behaviour appears because in the case of large
enough primordial lepton-antilepton asymmetries in the early Universe, Mikheev-Smirnov-
Wolfenstein like [119–124] level-crossings could appear. Similarly, the production by scalar
decays at higher temperatures could lead to a diluted spectrum, and a lower bound on
the keV neutrino mass would be relaxed by a factor of a few. Finally, the simplest
production mechanism of keV sterile neutrinos – the Dodelson-Widrow mechanism [2] –
in the framework of the νMSM produces a too warm DM spectrum, for which the lower
Ly-α bound on the mass is between 8 and 10 keV [47]. This region is, in the case of
vanishing primordial lepton asymmetry, already excluded by the X-ray bound [7, 8].
In general, the scenario proposed by Dodelson and Widrow [2], although being plain
and simple, has to be modified to obtain the correct DM relic abundance. Such modifi-
cations could decrease a potential overabundance produced by DW. A good example is
the production of keV sterile neutrinos by thermal freeze-out, which is later on diluted
by a release of entropy. The DM production of keV steriles is highly model-dependent,
and therefore we cannot assume a very specific situation in a phenomenological study like
the present one. However, we will try to at least cover the most extreme cases. In our
analysis, we will mainly focus on the case in which the nearly model-independent X-ray
bound is taken at face value5 and on the case in which the upper bound on the active-
sterile mixing angle is such that the keV sterile neutrino abundance, obtained through the
DW mechanism, does not exceed the currently allowed 3σ value [5]. To obtain a simple
estimate of this bound, we have used the analytical approximation for the DM abundance
given in Ref. [125].
To first of all quantify the size of the keV sterile neutrino contribution to the effective
mass |m(4)ee |, we show in Fig. 3 its absolute value Mθ2, for the case in which the sterile
neutrino constitutes all the DM present in the Universe (left panel) or only 50% (right
panel). It is well visible from the plots that a non-negligible contribution can be obtained
for M . 2 keV in case the OLD X-ray bounds or the NEW conservative bounds are
5In this context, “nearly model-independent” simply means that the bound applies to models with
active-sterile neutrino mixing. Note, however, that there are settings in which this mixing is not present.
One example are keV sterile neutrinos in the scotogenic model, see Refs. [19,20]: the RH neutrino fields
are charged non-trivially under a global Z2 symmetry which is unbroken, while the LH neutrinos are
singlets. In that case, there exists no mass term mixing active with sterile neutrinos, and hence the keV
neutrino, if it is the lightest sterile neutrino, will be absolutely stable. Such settings are not constrained
by the X-ray bound, but due to the absence of the mixing they also cannot lead to any non-trivial
contributions to 0νββ, which is why they are not relevant for the study presented here.
8
1.0 10.05.02.0 3.01.5 7.0
10-6
10-5
10-4
0.001
0.01
0.1
M @keVD
M
Θ
2
@e
V
D
OLD
NEW Conservative
NEW Restrictive
Not observable in 0ΝΒΒ
DW and S=100
DW only
1.0 10.05.02.0 3.01.5 7.0
10-6
10-5
10-4
0.001
0.01
0.1
M @keVD
M
Θ
2
@e
V
D
OLD
NEW Conservative
NEW Restrictive
Not observable in 0ΝΒΒ
Only 50% Dark Matter
DW and S=100
DW only
Figure 3: Sterile neutrino contribution Mθ2 to the 0νββ effective mass as a function
of the sterile neutrino mass M . We present the results considering the OLD limits on
the active-sterile mixing angle from X-ray bounds and the NEW limits, analysed with
a restrictive and a conservative approach. We also show the limits on Mθ2 requiring
that the DM is not overproduced by the DW-mechanism only or by the DW-mechanism
combined with an entropy dilution factor S = 100. In the left panel we show the case in
which the sterile neutrino represents all the DM present in the Universe, while in the right
panel we show the case in which only 50% of the DM is in the form of sterile neutrinos.
Note that, in the latter case, while the X-ray bound gets weaker by a factor of roughly
two (since less keV neutrinos exist in the Universe), the DW-bound gets stronger by the
same factor, since only a smaller amount of DM is allowed to be produced.
considered. Using the NEW restrictive bounds, instead, this contribution is negligible
and not observable in 0νββ. However, as stated before, the DW contribution is hardly
avoidable. Considering the bound on the mixing angle θ, arising from not exceeding the
correct relic abundance through the DW production mechanism, the contribution of the
keV sterile neutrinos to 0νββ becomes too small to be relevant for 0νββ experiments,
as indicated by the solid blue line in the plots. Despite this, the DW-bound can be
considerably weakened in certain settings, for example, considering a subsequent entropy
production through particle decays. Taking an entropy production of the orderO(100) (cf.
dashed blue line in the plots), the contribution of keV sterile neutrinos with M . 2 keV
can be sizable and, at least in principle, observable in 0νββ. Finally, note that in the
full contribution of keV sterile neutrinos to the effective mass |m(4)ee | a phase is present,
too, see Eq. 2. For this reason, if one wishes to quantify in detail the effect of the keV
sterile neutrinos to |m(4)ee |, the study of the absolute value Mθ2 is not sufficient, but a full
analysis of |m(4)ee | is required.
A few example plots of |m(4)ee | for two different values of the mass of the keV sterile
neutrino are displayed in Fig. 4. In the left column we vary the neutrino oscillation pa-
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Figure 4: Effective mass |m(4)ee | as a function of the smallest neutrino mass m. The left
columns refer to the X-ray bounds before 2011 and to the old neutrino fits for mixing and
mass parameters. The middle (right) columns refer to the updated conservative (restric-
tive) Chandra bounds and to the new neutrino fits. We refer to Sec. 3 for more details.
The plots assume that the sterile neutrinos constitute all the DM present in the Universe.
The thin red lines are obtained if the additional requirement of not overproducing the
DM through the DW-mechanism is imposed.
rameters within the corresponding old 3σ ranges [115] and the active-sterile mixing angle
θ2 between zero and the OLD X-ray bounds as valid before 2011. In the middle and right
columns, we display the results considering the limits derived from the NEW Chandra
and XMM-Newton results: the conservative and the restricted bounds, respectively. For
these cases, we use the newer best-fit values and 3σ ranges of Ref. [112]. We consider
two different values of the sterile neutrino mass: M = 1, 1.6 keV (upper and lower rows,
respectively). As illustrated in Fig. 3, larger DM masses do not lead to a significant contri-
bution to 0νββ. In other settings, however, one might also have to take into account the
bound arising from the necessity of not producing too much DM by the DW-mechanism,
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in which case the black solid (black dashed) lines would be altered to the red solid (red
dashed) ones.
Let us first consider the situation valid before 2011, cf. left column of Fig. 4. Looking
at the variation of the effective mass with M , we can see that the change in |m(4)ee | can
be quite dramatic for very small values of M : while the keV neutrino mass only changes
by a factor of 1.6 from the upper left to the lower left panel in Fig. 4, we can see that for
M = 1 keV the region where a full cancellation of the effective mass is possible is very
different from the one for M = 1.6 keV. This is a characteristic behaviour of the elements
of the neutrino mass matrix [87, 126]: the different contributions to the effective mass
can be viewed as vectors in the complex plane which can, depending on their respective
lengths and the values of their phases, add up to zero or not. Similarly in our case, if the
lengths are appropriate, a cancellation can be achieved by varying the Majorana phases
α, β, and γ accordingly. However, if the lengths of the vectors do not have the correct
proportions (e.g., if one of the four is considerably longer than the three other ones), one
can never build a zero length vector out of them, and then the effective mass will always
be non-zero. From the plots we see that for M = 1 keV the best-fit regions and the 3σ
regions are both different compared to the standard case. For M = 1.6 keV, instead,
mainly the best-fit regions change compared to the standard case.
We can try to understand this behaviour analytically by glancing at Eqs. (1) and (2).
Using the OLD limit, the keV neutrino contribution Mθ2 is . 0.0055 eV (. 0.0005 eV) for
M = 1 keV (M = 1.6 keV). Since the decisive region in the plot is the area around m ' 0
for NO, we can approximate the situation by normal hierarchy: m1 ' 0, m2 '
√
∆m2,
m3 '
√
∆m2A. According to Eq. (1), this leads to
|m(3)ee | ' |
√
∆m2s
2
12c
2
13e
2iα +
√
∆m2As
2
13e
2iβ| ' |
√
∆m2s
2
12 +
√
∆m2As
2
13e
2i(β−α)|. (3)
Varying the phases for the best-fit values of the OLD oscillation parameters (the phases
and the OLD oscillation parameters within their 3σ ranges), this quantity is between
0.0023 and 0.0033 eV (between 0 and 0.0059 eV). Clearly, both the best-fit value and
the 3σ can be of the order of the keV neutrino contribution for M = 1 keV, and thus a
cancellation to zero is possible. The M = 1.6 keV contribution, in turn, is always smaller
for the best-fit case, which makes a cancellation to practically zero impossible. However,
if the oscillation parameters are varied within their 3σ ranges, then a cancellation can
indeed appear for M = 1.6 keV, cf. first column of Fig. 4. Since the plots corresponding
to low values of M differ significantly from the standard plots, cf. Fig. 2, this yields an
interesting connection between production mechanisms, which allow for lower keV sterile
neutrino masses, and experiments on neutrino-less double beta decay.
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Let us now see how this situation has changed after the new limits from Chandra. For
the NEW conservative bound, the main difference with respect to the standard contribu-
tion is present for M=1 keV. In this case, the best-fit and 3σ regions for both NO and
IO are different compared to the standard effective mass. On the other hand the new
bounds, even if taken into account in a conservative way, are so strong that the effect
of a sterile neutrino with M=1.6 keV is already really tiny. For the case of the NEW
restrictive bound, practically no effect is visible at all. This result shows that the actual
X-ray bounds taken at face value are extremely strong, and they suppress any possible
influence of the keV neutrino on the effective mass, even for a mass as low as M = 1 keV.
If, on the other hand, the DW-bound is taken at face value, any influence is wiped out
even for the OLD scenario, as can be seen by comparing the red lines in Fig. 4 with the
general allowed regions presented earlier in Fig. 2. This is perfectly consistent with the
solid blue line in the left panel of Fig. 3. Any possible contribution to 0νββ is reduced to
negligible values.
In Fig. 5, we present the results for the case in which the sterile neutrino constitutes
only 50% of the DM. This could be the case in a scenario with more than one type of DM,
see e.g. Ref. [29] for a setting where keV DM is mixed with heavier DM. The rough effect
of this assumption is that the upper bound on the active-sterile mixing θ2 gets weaker by
a factor of two, simply because the amount of keV sterile neutrino DM, and hence the
number of expected decays N → νγ, is reduced by the same factor. Note that this is
only an approximation, since the statistical error of the number of possible events in a
certain bin (and most probably also some systematical errors) depend on the amount of
keV sterile neutrinos in the Universe. However, such effects should be small compared to
the errors involved in the nuclear physics uncertainties in 0νββ [60]. On the other hand,
since in this case we have less DM made of keV neutrinos, the bound arising from trying
to avoid producing too much DM by the DW-mechanism does in fact become stronger.
This can, again, be seen from the red lines in the plots.
For the situation valid before 2011, a visible effect could have been present for both
example masses of 1 and 1.6 keV in the general case (i.e., disregarding the DW-bound).
Note that, while the keV neutrino mass only changes by a factor of 1.6 from the upper
left to the lower left Fig. 4, we can see that, for M = 1 keV, the region where a full
cancellation of the effective mass is possible is very big for NO in case the best-fit of the
oscillation parameters are taken or in case they are varied within the 3σ allowed ranges.
However, for M = 1.6 keV the cancellation is possible for NO just in case the oscillation
parameters are varied within their 3σ ranges.
Again aiming at analytically understanding this behaviour, for the OLD limit, the
contribution of keV neutrino making up only 50% of all DM in the Universe amounts
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Figure 5: Same as Fig. 4, but assuming that the sterile neutrinos constitute only 50% of
the DM present in the Universe.
to . 0.0110 eV (. 0.0009 eV) for M = 1 keV (M = 1.6 keV). The variation of |m(3)ee |
for NO is the same as described after Eq. (3). Evidently, for M = 1 keV a cancellation
is possible for NO in case the variation is both within the best-fit and the 3σ ranges.
For M = 1.6 keV, instead, the cancellation appears just in case the neutrino oscillation
parameters are changed within their 3σ ranges. These considerations are in full accordance
with the plots, cf. first and second plot in the first column of Fig. 5.
For the NEW conservative bound, analogously, the main differences with respect to
the standard case are present for M = 1 keV. In that case, the IO and NO regions
are significantly different from that of the standard case, cf. right panel of Fig. 2. For
M = 1.6 keV, instead, only a small difference is present for the best-fit and 3σ variation
of the NO case. For the NEW restrictive bound, also in this case there are no significant
differences present compared to the standard light neutrino contribution.
Adding the DW-bound, if applicable, would again destroy any influence (cf. red lines
in Fig. 5 and right panel of Fig. 3). This illustrates that an interpretation of a possible
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future signal of 0νββ outside of the range predicted in Fig. 2 in terms of keV neutrinos
would require a careful investigation of different production mechanisms.
4 On the applicability of our study
We have studied in the previous sections the possibility that a really light keV sterile
neutrino, M . 2 keV, could contribute to the 0νββ effective mass. In this low keV sterile
neutrino mass region the DW-mechanism – where sterile neutrinos are produced by the
plasma through admixtures to active neutrinos – would lead to a significant overabundance
of DM for active-sterile mixing angles close to the upper observational X-ray bound.
This seems like a tough problem, since it exactly affects the region where a potentially
observable influence of the keV sterile neutrino on 0νββ could in general be possible, as
illustrated by the red lines in the plots. Even in the case where keV sterile neutrinos
make up only 50% of the DM in the Universe, while the X-ray bound is weakened by
roughly a factor of 2, the bound from the DW-contribution is strengthened by the same
factor, since now overall less DM is present in keV steriles. However, there are different
possibilities and different models to weaken or even evade this problem.
Another critical point of our phenomenological analysis is that we take the mass M
of the keV sterile neutrino to be completely independent of the lightest neutrino mass
m = m1 (normal ordering) or m = m3 (inverted ordering). However, if the mass of the
lightest active neutrino is calculated in the type I seesaw approximation, which is possible
in models with keV sterile neutrinos as long as the X-ray bound is respected [127], then
these masses are related to the square of the active-sterile mixing angle, m ' θ2M . Since
θ and M are restricted in our plots, this strict dependence would not allow to vary m
considerably. However, also this situation can be overcome.
We will now discuss how a model, i.e., a combination of a mass generating mechanism
for light neutrinos and a production mechanism for keV sterile neutrino DM, needs to be
designed in order to avoid both these restrictions and have a potentially observable effect
in 0νββ. Let us start with the mass generation mechanism for the light neutrinos. While
a type I seesaw mechanism [93–97] would be strongly constrained, already a type II [98,
99] contribution – generated by the unconstrained Yukawa coupling of the left-handed
lepton doublet to a triplet scalar which obtains a vacuum expectation value – would
easily be enough to avoid the strong relation between the masses of the lightest active
neutrino and of the keV neutrino. Similarly a type III seesaw [128], where typically
three fermion triplets are introduced, would considerably disentangle the relation. Even
more complicated situations could arise in, e.g., models where the light neutrino mass is
generated only at loop-level (see Refs. [129–133] for generic examples).
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What about the production mechanism? The problem is that it is not easy to overcome
the DW-contribution as long as a significant active-sterile neutrino mixing is present. On
the other hand, the DW-mechanism can be modified. In fact, the data tell us that it even
must be modified, since it is not in agreement with all bounds if it is the sole production
mechanism of keV sterile neutrino DM [7, 8]. A generic method is to simply dilute an
overabundance of DM in keV sterile neutrinos by the production of a significant amount of
entropy due to particle decays. For example, one could use the decays of the heavier sterile
neutrinos N2,3, which could already have an effect within the νMSM and which could be
strongly enhanced in the presence of further new physics [51]. This method has also been
used in scenarios where the sterile neutrinos are sterile only with respect to the SM, but
charged under an extended gauge group. In this way, they are thermally overproduced
but their abundance is diluted later on by the entropy-producing decays [22,23]. As shown
in Fig. 3, the required dilution factor would need to be of O(100) to generate potentially
visible effects of low-mass keV neutrinos on 0νββ. While such numbers are not entirely
easy to achieve, there are cases known in the literature where they are possible [21, 22].
In such situations, even if the naive abundance calculation within the DW-mechanism
was not sufficient, the more model-independent X-ray bound would nevertheless apply.
However, we want to stress that, typically, one has to extend the particle content of the
model compared to the νMSM in order to generate large amounts of entropy dilution
and/or production [21,22].
The lesson to learn is that one has to be careful in the selection of a setting where the
most general analysis actually applies. If it does, there can indeed be observable modifica-
tions of the 0νββ rate compared to the standard case of light neutrino exchange. In a time
where we could expect a potential detection of the process in the near future, we should
be aware of this possibility when aiming to correctly interpret upcoming experimental
results. However, it is also clear that our results are not applicable for every model, and
that the corresponding window in the parameter space it not very big. Depending on
how strong the different observational bounds – in particular the X-ray bound on the keV
neutrino decay rate and the lower bound on the keV neutrino mass from the measurement
of the Ly-α forest – will get, we could close even this gap very soon.
5 Conclusions
We have re-analysed the contribution of one keV sterile neutrino to neutrino-less double
beta decay, focussing particularly on the low mass region. We have shown that, consider-
ing the existing X-ray limits before 2011, depending on the light neutrino mass generation
and DM production mechanisms, sterile neutrinos could have had a visible influence on
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the effective mass if they were as light as M < 2 keV (had one assumed an active-sterile
mixing angle close to the by then most recent observational upper bound). This was to
some extent missed by earlier references. We have then updated our study considering the
recent Chandra and XMM-Newton results, taking the new limits with both a conservative
and a restrictive approach. We found that for the conservative case the sterile neutrinos
could still produce a visible modification on the effective mass for really light mass values,
M ' 1 keV, while for higher masses the effect is tiny. However, when using the Chandra
and XMM-Newton limits at face value, the influence of a keV sterile neutrino on the
effective mass is completely washed out. This is a consequence of the really strong new
limits on the active-sterile neutrino mixing angle that are present at the moment from the
satellite experiments mentioned. Furthermore, if a significant amount of the DM is pro-
duced by the DW-mechanism, this imposes an upper bound on the active-sterile mixing
angle which can be even stronger than the X-ray bound and would completely destroy any
possible effect. This could only be avoided if a significant amount of entropy is produced
in a certain decay.
We have then moved into analysing the case in which the sterile neutrino constitutes
only 50% of the DM. Also in that case, with the limits before 2011 taken at face value,
the effect on the effective mass could actually be significant for light sterile neutrinos,
M < 2 keV. For the conservative scenario, the biggest effect is present close to the
lower bound, M ' 1 keV, but a small modification is also present for M ' 1.6 keV.
Considering the restrictive limit, no effect is visible even for really light sterile neutrino
masses. Furthermore, in this case, the DW-bound gets even stronger (and thus more
destructive), since even less DM is allowed to be produced by the DW-mechanism.
In addition, we have discussed in which types of settings and models visible effects on
the 0νββ rate could appear. While certain settings are very tightly constrained, others
could at least potentially allow for an observable effect. Even though the effect might
only be present in some settings, we should nevertheless be aware of this possibility, since
it could potentially become interesting in case soon-to-be-expected experimental results
on 0νββ would lead to something unexpected.
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